communicated to this Section1 a short note on the nerves of the dental pulp, describing the results of a fresh examination of some specimens prepared some twenty years ago which seemed to indicate that the ultimate nerve-fibres of the pulp entered the dentine.
By J. HOWARD MUMMERY, M.R.C.S., L.D S. IN March, 1911 , I communicated to this Section1 a short note on the nerves of the dental pulp, describing the results of a fresh examination of some specimens prepared some twenty years ago which seemed to indicate that the ultimate nerve-fibres of the pulp entered the dentine.
In the year 1892 I had seen clear indications that the nerve-fibrils did not terminaate at the inner margin of the dentine, but by the method I then employed I could not succeed in making this sufficiently clear for a conclusive demonstration. During the last year I have made a very extensive investigation of fresh material, treated by many different methods, and the results were embodied in a communication to the Royal Society in February last, and were lately published in the Philosophical Transactions.2 I am exhibiting under the microscope this evening a series of preparations which will I hope make it evident to you that my views concerning the distribution of the nerves of the dental pulp are fully confirmed by the results of this further investigation.
It may be well to introduce the subject by reminding you of some details in the microscopical anatomy of the sensory nerves of the body generally, and for the sake of comparison draw attention to their mode of distribution in various tissues. Nerve-fibres arise from nerve-cells, and the central part of the nerve-fibre, the axis cylinder, is a prolongation of a process present in all nerve-cells called the " axon" of the cell.
A fibre of the axis cylinder is continuous throughout its whole length from cell to final distribution. The nerve-fibres of the sympathetic system consist entirely of a prolongation of this axon, but other nervefibres are enclosed -to within a short distance of their peripheral distribution by a surrounding sheath of a fatty material which stains black with osmic acid, and is called the medullary sheath; and also by a membranous sheath external to this, containing nuclei and called the neurolemma or nucleated sheath of Schwann. The neurolemma is constricted at intervals by what appears to be a narrow band, the constriction of Ranvier, and the medullary sheath is interrupted at these Proceedings, 1911 , iv, pp. 51-56. nodes or points of constriction, the axis cylinder passing uninterruptedly across the intervals. This continuous axis cylinder is the essential and most important part of the nerve-fibre, and as the fibre nears its final distribution the axis cylinder loses, first, its neurolemma or fibrous sheath, then its medullary sheath, and finally divides into innumerable fine fibrils, the neurofibrils or ultimate elements of the nerve-fibre. We thus see that the axis cylinder which is the direct prolongation of the axon of a nerve-cell leaves the cell as a naked bundle of neurofibrils embedded in a homogeneous matrix; it acquires a sheath or sheaths which serve to protect it in its course through the tissues, and finally loses its sheath and is again a similar bundle of neurofibrils in a similar homogeneous matrix. At their final distribution there is, according to Schiifer, abundant evidence of the branching and reunion of the neurofibril.
It is considered that these fine fibrils are of a semi-fluid nature, as under the action of reagents they become varicose or beaded, as if they were of a viscous nature and not solid. This beading of the neurofibrils appears to be much more evident when they are subjected to the prolonged action of reagents in the preparation of sections. The conducting substance of nerve-fibre is considered by Carlson and others [28] to be necessarily fluid. Treating of the afferent or sensory nerves I would like to draw attention to that mode of termination of nerves which consists in fine ramifications of the axis cylinder passing between the elements of the tissues. In these instances, the medullated nerve, after frequent branching, loses its medullary sheath and the fibrous sheathor neurolemma, and is continued as the axis cylinder only, which is made up of fine beaded fibres-the neurofibrils. These fine fibrils enter into a plexus, which is a fine interlacement of neurofibrils, but probably not a true network in the sense of an anastomosis, the fibres, although giving off branches and minute subdivisions, remaining quite distinct from one another. In epithelia this mode of termination is especially evident, being seen in the skin and mucous membranes, the cornea and serous membranes. The fine fibrils in these situations may either end in flattened expansions or in minute, very delicate, fine-beaded fibrils. In the epithelium of the cornea they are seen to terminate in very delicate varicose fibrils.
In describing free nerve-endings in epithelium, Professor Schiafer speaks of the neurofibrils as forming a primary plexus from which small branches are given off to a secondary plexus nearer the surface, and from this latter plexus nerve-fibres proceed to form terminal ramifications among the tissue-cells. This is the mode of termination I have described in the human tooth and to which I shall presently refer.
In many instances the neurofibrils end in small expansiosnand knoblike bodies, sometimes in loops, and sometimes, as in the cutis vera, in small flattened bodies like leaves--called by Ranvier, hederiform nerve-endings.
It is very remarkable that for a long period it was considered that dentine is not sensitive, and even such a great authority as John Hunter [10] was of this opinion, for he says: " The teeth would seem to be very sensible, for they appear to be subject to great pain, and are easily and quickly affected by either heat or cold. We may presume that the bony substance itself is not capable of conveying sensations to the mind, because it is worn down in mastication and occasionally worked upon by operators in living bodies, without giving any sensation of pain in the part itself. In the cavity of a tooth (i.e., the pulp) it is well known that there is exquisite sensibility, and it is likewise believed that this is owing to the nerve in that cavity. This nerve would seem to be more sensible than nerves are in common, as we do not observe the same violent effects from any other nerve in the body being exposed either by wound or by sore, as we do from the exposure of a nerve of the tooth. Perhaps the reason of this intenseness, as well as the quickness of the sensation of heat and cold in the teeth, may be owing to their communicating these to the nerve sooner than in any other part of the body." The editor, in a footnote, says, writing in the year 1837: " That the bony substance of the teeth is itself capable of conveying sensation to the mind is, notwithstanding the author's assumption to the contrary, easily proved. Whence otherwise arises that acute sensation so commonly felt when the neck of the tooth is touched with the nail, or with any sharp instrument, or when a portion of the enamel only is broken from the surface of a tooth." Duval [2] showed in a paper which he read before the Academy of Medicine in Paris in 1831 that there is sensation in the dentine and was of opinion that it is chiefly manifested just beneath the enamel.
Salter [24] , in his classical work on " Dental Pathology," writing in 1874, says: " The nerves of the tooth pulp form loops towards the periphery which may be readily demonstrated by the action of caustic alkali, and from these, according to Boll, large numbers of very minute fibrils proceed outwards, passing between the ivory cells and their tubular prolongations. It is highly probable that these are the nervous elements -distributed to the dentine, but whether they pass into the intertubular substance, or, fastening upon the tube walls, are so piloted into the ivory structure, is quite uncertain. It is, however, highly improbable that thev pierce the wall of the ivory cell and occupy the axis of the tubes."
Boll's observations [11 were made in 1868, on the teethn of rodegts which he treated with a very weak solution of chromic acid ( I to I per cent.). His preparations showed fine fibres in great abundance, which passed between the odontoblasts, and where the dentinal fibril was pulled out from the dentine he could also trace them between these fibrils: from these observations he concluded that these nerve-fibres entered the tubes of the dentine. Boll was not successful in actually tracing them into the hard substance, but he appears to be the first observer who had succeeded in tracing them so far in their course from pulp to dentine.
Kolliker (1867), speaking of the nerves of the pulp, says: " As regards their endings, one sees, here and there, loop-like curves of the fibres, but it is beyond doubt that these are not the last endings."
Professor Klein [11] , in 1883, says: " Numerous mnedullated nervefibres, forming plexuses, are met with in the pulp tissue; on the outer surface of the pulp they become non-medullated fibres, and probably ascend in the dentinal tubes." Salter [25] was of opinion that there is a nerve supply to the dentine, both from the periodontal membrane and from the pulp, instancing cases in which a certain area of dentine remained sensitive after destruction of the pulp, and mentions that Czermak described a plentiful supply of nerves to this membrane, which he had traced to the hard tissues of the root of the teeth. I have myself sean very numerous nerve-fibres in the periodontal membrane in specimens impregnated with silver nitrate, but it is very difficult to procure sections in which they can be traced for any distance. Salter [26] concludes his discussion of the question by the statement that "the mode in which the hard tissues of the teeth are supplied with nerves is still an enigma, but that there is some supply is certain on physiological grounds." I think we are all well convinced that dentine is a sensitive tissue, even although so great an authority as John Hunter considered that it is not. We may, I think, consider it an exquisitely sensitive tissue, and it has seemed very difficult to account for this great sensitiveness in the absence of any evidence of the actual distribution of nerves in its substance. Several histologists have attempted to account for sensation in the hard substance of the tooth apart from the actual presence 10Mummery: Nerve Supply of Dentine of nerves, considering that the soft material occupying the dentinal tubule conducted sensation to the nerves in the pulp. The principal supporters of this view have been Mr. Hopewell-Smith and Dr. Aitchison Robertson, although they differ in their views as to the actual anatomical path by which sensation is transmitted.
Mr. Hopewell-Smith [7] has long held the view that the function of the odontoblast cell is that of a nerve-end organ, sensation being conveyed through the dentinal fibril, which is a protoplasmic prolongation of this cell. He was able to show by means of teased-out preparations from the pulp that the nerve-fibres, when stained with methylene blue, took on the characteristic varicose appearance, and were seen in great abundance immediately around the odontoblasts. He has been unable to trace nerve-fibres into the cells, although they enclose them in a fine network. The great objection to this view-an objection acknowledged by Mr. Hopewell-Smith-is that the odontoblast cell with its process is not laid down in the embryo from the same layer of the blastoderm as the nerves. The nerves are epiblastic structures; the pulp cells are of mesoblastic origin; and it seems improbable that a mesoblastic tissue should form an important portion of the path of conduction of the impulses conveyed by an epiblastic tissue, although I am quite aware that tissues derived from the epiblast may be laid down in mesoblastic tissue, as instanced by enamels which are not wholly epiblastic, but, as Mr. Tomes says, " are laid down by the operation of epiblastic ameloblasts in a matrix which is derived from a modification of the surface of a mesoblastic dentine papilla."
Mr. Hopewell-Smith, in allowing the objection, says: "Accepting the statement of Schafer (that all nerve-fibres and nerve-cells are originally derived from the neural or neuro-sensory epiblast) one is led to the conclusion that odontoblasts cannot possibly be, from the developmental point of view, ganglion cells in which sensory, or tactile, or trophic impulses arise de novo. But it is no argument against the idea that they serve as sensation transmitters." In the absence of evidence of the passage of nerves into the dentine we can understand this to be a possible, although it has always seemed to me a rather improbable, explanation of the mode in which dentine transmits sensory impulses, but I do not think there has ever been any proof that such mode of transmission occurs in the mammalian tooth. The late Dr. Weil [34] , of Munich, to whom we are indebted for the adaptation of the method of von Koch to the preparation of sections of teetha method which has proved of the greatest value-also held a similar opinion, for he says: "As thiugs stand at present nothing lies iit the way of the theory that each delicate fibril of the basal layer of the membrana eboris is a means of connexion between the nervous system and the odontoblasts, and that the latter formations may be regarded as nerve-endings. By regarding the odontoblasts as capable of excitation, the sensibility of the dentine would be best explained." But he goes on to say that this is only an hypothesis that time may prove to be true, and must limit himself to saying that nerve-fibres or groups of such cannot be found beyond the cortical layer of the pulp. Magitot [14] described certain ramified cells beneath the odontoblasts, which he said were in continuity by their processes with the nerve-fibres on one hand and the basal prolongations of the odontoblasts on the other, thus "forming a direct chain of sensation." The existence of such cells has, however, not been corroborated by other observers.
A somewhat similar view was upheld by Dr. Aitchison Robertson [21] in a paper contributed to the Transactions of the Royal Society of Edinburgh in 1891. From the examination of teased preparations in the dental pulp of the ox treated with anhydrochromate of potassium, he considered the pulp processes of the odontoblasts were in continuity with true nerve-fibres deeper in the pulp. He says: " I am convinced that the central processes of the odontoblasts become continuous with nerve-fibres." " Several demonstrations," he goes on to say, "were obtained showing that the pulp processes do pass into groups of nervefibres, amongst which they seem to run for some distance before they acquire a medullary sheath. The central process seems to become the axis cylinder of a nerve-fibre which gradually acquires a primitive sheath in which the medullary substance slowly accumulates till an ordinary medullated nerve results." He would thus look upon the odontoblasts and dentinal fibrils as the terminal organs of the nervefibres, and says: " We may regard the odontoblast and its peripheral process as an end organ, which, if not itself sensitive, at once transmits sensory impulses to the nerve with which it is connected." After a careful perusal of the paper and examination of the drawings, I cannot think the evidence of such a mode of nerve supply to the tooth is at all complete. One is aware that there is some analogy to this mode of termination in the endings of the olfactory nerves; from the olfactory cell, a nerve process proceeds towards the olfactory bulb, the peripheral process of the cell terminating in the olfactory hairs, but in this case the olfactory cell is an epiblastic cell, and the nerve-fibre represents apparently the axon of a true nerve-celljy 12 the cell and the nerve-fibre are formed from the same layer of the blastoderm. The gustatory cells in the taste-buds which were formerly considered to be in continuity with the nerve-fibres are, according to Schafer [29] , not in continuity with them. Dr. Carl Huber [9] , of the University of Michigan (1898), by the use of methylene blue also traced nerve-fibres to the plexus beneath the odontoblasts and from that to what he considered their terminations at the inner border of the dentine. In this he corroborated the researches of Retzius [20] , who in 1894 traced nerve-fibres in the pulp of the mouse to the inner surface of the dentine; but while Huber does not believe in the possibility of their entering the dentine, Retzius appears to 'be more doubtful on this point, for he says: " In vertical sections the fibres, like a string of tiny beads, stretch between the odontoblasts to the surface, and there end free. They often bend on reaching the surface, and run a little way tangentially. In a tangential section they can be partially traced under the dentine." One would imagine that the fibres he looked upon as under the dentine were really in the tubes.
In 1892 and 1895 Morgenstern [15] published his views on the distribution of the nerves to the hard tissues of the teeth. He made use of Golgi's method and described medullated fibres entering the dentine. He considered that they occupied tubes distinct from the dentinal tubules containing the dentinal fibril as well as running in these, and terminated either at the dentine-enamel margin or in the substance of the enamel, in the knob-shaped enlargements seen often in the crown of the tooth projecting into the enamel. He relied upon the methods of Golgi, and excellent as these are for many purposes, I do not think they are very applicable to the investigation of the nerves of the teeth; they often give rise to appearances which are very deceptive and lead to false interpretations, as I shall explain more in detail in treating of stains. I should be very unwilling to translate the thick black lines I have often obtained in the dentine in Golgi preparations as medullated nerve-fibres; they appear to me more in the nature of irregular deposits of the chromate of silver, but not having seen Morgenstern's preparations, I am unable to judge of the appearances which led him to the extraordinary conclusion that inedullated nerves penetrated the dentine.
Professor Romer [22] , of Strassburg, has been for several years engaged in an investigation of the nerves of the teeth. I think there can be little doubt that he succeeded in tracing nerve-fibres into the dentine, but he was unable to carry conviction with his specimens, which were, I believe, not sufficiently thin to enable him to procure photographs, which are very difficult indeed to obtain, of this very delicate structure, even when the sections are sufficiently thin. He considered the nerves were most abundantly found at the cornua of the tooth and that the dentine of the root is entirely without nerves. On these latter points I am unable to agree with hirn, or that the normal termination of the nerves is to be found in the spindle-like enlargements which are seen at the enamel margin.
M. Pont [19] compared the odontoblasts to peripheral neurones (or nerve-cells with their processes) which occur in other peripheral organs, such as the retina, and considered that the nerve-fibres without forming any direct anatomical communication with the odontoblast, formed synapses, that is, that the nerves which envelop the cell transmit sensation from the cell to the afferent nerve, actual anatomical connexion not being necessary for the transmission of impulses from the peripheral cells. This, the neurone theory of Waldeyer [30] , has been lately disputed, as it is maintained by some authorities that in these supposed cases of synapsis there really is a fine definite communication by neurofibrils across the supposed interval. The same objection would also hold good here, that we should not expect a synaptic any more than a direct communication between a cell formed from the mesoblastic layer and a true nerve-fibre of epiblastic origin.
In my paper before referred to I have described my own investigations on the nerve supply of the dentine, and I wish to avoid repetition as much as possible, but there are certain points connected with the subject which I may perhaps be permitted to discuss a little more in detail. It will perhaps be convenient to treat these points under separate headings, as this will enable me to emphasize more especially certain results which I have been able to obtain.
THE MEDULLATED NERVES.
These are very abundantly supplied to the tooth pulp and enter the tooth in company with the blood-vessels at the apical foramen. The main bundles of medullated fibres divide and subdivide in their course through the pulp, which is parallel with the long axis of the tooth, but still fQrm quite large nerve-bundles at the periphery, where at a short distance behind the odontoblast layer they lose their medullary sheath and neurolemma, and the axis cylinder divides into very numerous neurofibrils which enter into a plexus immediately under the odontoblast cells. In fortunate preparations the expansion of the neurofibrils at the termination of the bundles of medullated fibres is beautifully shown. jy-12a THE PLEXUS OF RASCHKOWV. This is the first plexus of neurofibrils after their expansion from the axis cylinder and consists of an interlacement, and not an anastomosis of the fibres. In a paper read before this Section in March, 1908, by Mr. Law [12] , he says, describing the fibres he observed in his sections:
"The fibres are very much larger than one has been led to expect from earlier researches. Myriads of minute scopiform strands is the description by Rose, and other writers describe similar appearances of large numbers -of interlacing fibres which have been called the plexus of Raschkow." Mr. Law says that in none of his sections has he been able to obtain such appearances, but has found the nerve-fibres to run almost in straight lines to the odontoblasts, and he ventures the opinion that " this so-called plexus is not composed of nerve-fibres at all, but is made up of connective tissue bundles running upwards and forming the structural skeleton of the pulp." I do not understand why Mr. Law did not see this plexus, which is brought out very clearly by a differential nerve stain which shows the beaded nature of its component fibres.
My own experience certainly leads me to agree with Rose and others, that the neurofibrils are exceedingly ninute. In young teeth especially, stained by Cajal's nitrate of silver method, an immense number of cornparatively coarse connective tissue fibres traverse the pulp at right angles, or nearly so, to the surface of the dentine, but it can be seen, by daylight illumination especially, that these fibres are stained brown and the minute nerve-fibres are black. I am afraid I cannot agree with Mr. Hopewell-Smith that his photograph on p. 119 of his work on " Dental Histology " represents the plexus of Raschkow; this plexus, as I have stated, consists entirely of fine non-medullated fibres, and no scraping from the inner surface of the dentine could possibly show this very delicate structure; such a preparation would show the larger medullated nerves mingled with bloodvessels and connective tissue fibres and not represent the plexus of Raschkow at all, in fact, it could not be separated by any teased-out preparation. From this plexus the nerve-fibres pass to the odontoblasts, in many cases enclosing them in a network of fibres, but the main trend of the fibres is niore or less in straight or diagonal lines to the dentine.
Odontological Sectiorn THE MARGINAL PLEXUS. The nerve-fibres have usually been described as terminating at the inner margin of the dentine, but my preparations show that on reaching this margin the fibres pass laterally and form a narrow continuous plexus along the surface of the dentine, from which fibres pass to the dentinal tubes. Instead of a terminal plexus we must then consider this to be more appropriately called the marginal plexus. It is well ;shown in fig In sections of young teeth the fibres can be seen to pass from the 'marginal plexus across the zone of partial calcification-the odontogenetic zone-occupying the tubules in that layer and again passing into the hard dentine as shown in fig. 2 , which is from a Weil (ground) specimen stained by Ldwit's gold chloride method. The nerve-fibres -are very closely attached to the odontoblast cells and their processes. This is especially well seen where the fibrils have been pulled out from rthe dentine. Of course, it is almost impossible to obtain sections with only one layer of dentinal tubes, and some confusion in the images is:
produced by the fibres in other tubes slightly out of focus, but in caseswhere single tubes have been more or less separated the nerve-fibres in the substance of the dentine can usually be seen in two rows of tiny beads, as described by Retzius, in the pulp. These beaded fibres canl be traced all through the dentine, but become smaller and smaller as they approach the periphery; this is in accordance with the distribution-, of nerves which terminate in fine subdivisions in other parts of the body. As Mr. C. Tomes says [32] : "In those tissues which are naturally
Photograph from a Weil (ground) preparation stained with Lowit's gold chloride, showing nerve-fibres (n) passing from the pulp across the odontogenetic zonie (o) to the hard dentine (d), where they are seen in the tubes. so thin as to present great facilities for examination, nerves of a degree. of fineness unknown elsewhere have been demonstrated; in otherwords, the easier the tissue is to investigate, the finer the nerves which have been seen in it, while dentine is among the most difficult substances.
coniceivable for the demonstration of fine nerve-fibrils if such exist in it." The examination of a great many specimens, both ground and decalcified, has convinced me that these fine dotted line's in the final branches of the tubules beneath the cementum and enamel are in direct, continuity with the larger beaded fibres seen at the innaer margin of the--dentine where they enter the tubules. The dentine is everywhere penetrated by very fine lateral and diagonal branches of the 'main tubes, both in their course and terminations. I am aware that these branches have been usually described as very abundant in the roots and much less so in the crowns of the teeth. Mr. Hopewell-Smith [8] says:
"They are less frequent or almost absent from the dentine of the crowns, where they are only found as the tube approaches its free Drawing from a decalcified specimen stained with silver initrate (pyridin method), showing the beaded fibres traversing the tubes just beneath the cementum. Human bicuspid. (x 600.) itermination"; and Mr. Tomes [331 also says: "In the crown of a human tooth these fine branches are comparatively few until the tube has nearly reached the enamel."
It is difficult to obtain good penetration of the nitrate of silver at the enamel dentine margin so that the tubules appear at first to be very little branched in this situation, but in cases where I have succeeded in staining an area of the dentine completely it is seen that the tubules are very abundantly branched and the fine divisions are filled with tiny black dots ( fig. 3 ). The fine terminations beneath the cementum are more easily impregnated with the silver, but my specimens, will show that when the dentine beneath the enamel has been persuaded to take the stain the branches are quite as abundant as they are elsewhere. It is on the borders of the fully stained portions that one sees with greatest distinctness the beaded nature of the tube contentsthese little dots are seen to traverse.the small branches to their most delicate terminations.
I feel quite convinced that the whole of the dentine is permeated with fine branches, their demonstration being merely a question of thorough penetration of the stain; wherever this has taken place innumerable interlacing branches are seen all across the dentine. The most successful demonstration of these branches is procured by the silver pyridin process, which I will describe when treating of method& of staining. Many tubes, as has been frequently described, terminate at the enamel margin in club-shaped and thick truncated endings, but mingled with these coarser tubes are very delicate tubules, finely dotted,. and reaching the enamel. I would draw attention to the fact that the beading of the branches is quite as evident in calcified (Weil) prepara-tions as it is in decalcified ones, showing that this appearance is not due to the action of the acid used in decalcification. In the slides on the screen, which are photographs of the pyridin silver preparations, the great length of some of the branches is very noticeable. The coloured drawings of these same preparations (drawn to scale with the Abbe drawing prism) will give a better idea of the appearances I have described than the lantern slide, in which the clear definition is confined to one plane. At the margin of the cementum the fibrils terminate in loops and very delicate, scarcely visible branches, many of which enter the granular layer and are finely beaded to their extremities. Under the enamel many of the tubules are much coarser, and some appear truncated, as often described, as if there had been an alternate process of absorption and deposition during the first stages of development of the tissues. Many tubes cross the borderline and terminate in various. ways in the enamel, some by small, round, knob-like bodies, some by tiny flattened expansions, while others pass between the prisms in fine whip-like processes, but I have not been able thus far to trace the fine beaded fibres into the enamel. In many.teeth the so-called spindles are met with and the tubules communicate directly with them, but I have not been so fortunate as to secure a thorough impregnation with the silver in places in which these spindles are present. These bodies are very evident in some; teeth, being often seen in great abundance surrounding the apices of the dentine cusps: here they seem to be arranged in a more or less regular manner, but others are seen isolated and often of very considerable length, and their connexion with the dentinal tubes admits of. no doubt.
FIG. 4i
'Photograph of-a similar preparation to that illustrated in fig. 3 . (g) granular layer of dentine (d) dentine. Terminations of the fibrils at the cementum margin, showing the fine beaded terminal branches.
Various theor'ies have been held as to-the origin of these spindles. According to von E bner [3] they pass between the prismas, and h6& considers that they are filled with air and are due to the shrivelling of the cement substance between the enamel prisms.. Paul [18] looks upon them as theimperfect calcification of the fir'st formed -dentine, there being in the early stages of dentine'development a thin band of transparent dentine matrix which has two sets of processes of formed matrix, one communicating with the connective tissue of the pulp, which, together with von Ebner [4] , I [16] have described as forming the scaffolding for the deposit of the lime salts of the dentine, and one extending between the ameloblasts, which are thus kept apart and form elongated spaces filled with imperfectly calcified matrix. Von Ebner and Wedl consider that there is an absorption of the first deposited dentine and that these persistent tubes and spindles have resisted absorption. Professor Romer [23] considers that these spindles contain organic matter which stains red with gold chloride, and looks upon them as containing a sensitive nerve-end apparatus. They would naturally draw attention in connexion with nerve-endings, as they so often show a central stem with little swellings and expansions upon it, giving it much the appearance of a special nerve-end corpuscle.
One of the slides which I show on the screen appears to show a very promising nerve-ending in its axis, but unfortunately for this interpretation the specimen is from a dry ground section of the tooth of an ancient Briton. There is some danger that if this had been found in a fresh tooth it would have been looked upon as a nerve-end corpuscle. I am not, however, at all prepared to say that nerve-endings may not be found in these spindles. I think it is extremely likely that they may, but I do not think this would prove any n-ormal innervation of the enamel. In this connexion I may quote some very interesting remarks by Mr. James Salter in his work before referred to, published in 1874 [27] . He says.: " Enamel and dentine are both liable to defects of original structure. The enamel rests on the surface of the dentine and between its fibres, the dentinal tubes project more or less. A continuation of the tubes by small contracting narrow points is a natural condition, but occasionally these prolongations assume the form of elongated bulbous cells, still clearly connected with the ends of dentinal tubes. They often exist to an extent that is clearly abnormal, large, long, branched excavations passing a considerable way towards the exterior of thick enamel. I have shown that these cavities are really prolongations of the dentinal tubes and that they have the same definite walls as the tubes themselves. Presuming that the dentinal tubes are in some way the main vehicles of tooth structure sensibility, this condition would endow the enamel with an abnormal perception of external agencies, and this probably explains some of those cases of hypersensitive teeth which occur in persons of early age, where the enamel has not yet been sufficiently worn to reach the dentine." I may perhaps say in this place that an extended examination of Weil preparations has convinced me that the enamel is penetrated to a very considerable extent, although irregularly, with dentinal tubes and probably portions of the dentine matrix, and I am disposed to agree with Mr. Caush that despite the results of chemical analysis the enamel does contain spaces capable of taking a stain and would not be so entirely out of the pale of nutrition as we have been led to suppose. Dr. Fischer [6] , in his interesting lectures on dental histology, is of the same opinion. It may be that these spaces into which stains penetrate are so small that they would not affect a chemical analysis, but we must remember we are dealing with microscopical details. A very curious appearance in the dentine was described by Dr. Dentz, of Utrecht, many years ago (in the year 1892), which he was inclined to look upon as a nerve-end organ. The specimens were from a developing tooth in which about half the dentine was formed, and show a row of pear-shaped bodies with large nuclei. They are, however, much too large (w1O in.) to be interpreted as any normal nerve-endings in the dentine, and I have only heard of one other specimen in which similar bodies were found. They have been generally considered to be pathological, due to some defect in development.
THE BASAL LAYER OF WEIL.
The so-called basal layer described by Weil is a clear space in the pulp immediately beneath the odontoblasts, often very evident in sections ground by the balsam process and sometimes also seen in sections of decalcified teeth. In a paper which I contributed to this subject in 1892 I pointed out that the existence in this layer of blood-vessels which showed perfectly rounded contours was an argument against its being due to a stretching of the tissues in the process of preparing the sections as suggested by von Ebner and Rose. I did not also agree with Dr. Weil that the delicate fibres visible in this layer were all in communication -with the basal ends of the odontoblasts. Many of the larger fibres are, but the finer fibres pass between and around them to the dentine, becoming incorporated with its matrix. With respect to Dr. Weil's statement that blood-vessels are not found in this layer, we know that this was an error of observation-they are frequently seen in this situation. Mr. Hopewell-Smith shows a photograph on p. 146 of his book in which a blood-vessel is well seen in the basal layer in a decalcified tooth, and I have many Weil specimens also showing them.
Noticing that balsam preparations fully stained with iron and tannin did not show the layer of Weil, I thought it most probable that this space was occupied chiefly by nerve-fibres which were not stained by ordinary methods, and concluded that if I could re-stain a specimen which showed this layer distinctly, with a nerve stain, I might be able to prove this point. I therefore removed the balsam from a very clear and thin specimen, showing the layer, by immersing it for some time in chloroform; I then passed it through alcohol to water and re-stained it with chloride of gold by Beckwith's method, in which no acid is employed. The result of this experiwnent I show upon the screen. The first photograph was -taken from the section in its original condition, stained with borax carmine: it shows the space beneath the odontoblasts very clearly, and also shows that the partially calcified dentine layer on the farther side of the odontoblasts is clear and unstained. In the second photograph it will be noticed that the layer of Weil is not visible any longer as a clear space, and that the odontogenetic zone is now dark and filled with fine fibrils, which under a high power are seen to be nerve-fibres passing into the dentine. I hope these photographs will make it evident that the layer of Weil is not a basal layer, that it is not produced by stretching of the tissues, but is a part of the pulp occupied by connective tissue fibres, and by a dense plexus of fine nerve-fibres. In the photographs of decalcified specimens which I have already shown on the screen it is also seen that this space is occupied by a dense mass of nerve-fibres and connective tissue. It is at the inner margin of this layer that the bundles of medullated nervefibres spread out into the smaller branches and pass parallel to the surface of the dentine, and it is here-'that they lose their medullary sheath and break up into a plexus of very delicate neurofibrils, which before passing to their distribution in the dentine occupy this area.
STAINING.
I will refer only very briefly to the methods I have emnployed in this investigation. The earlier methods I used I only look upon as leading up to those I now make use of. Of these the principal ones are Cajal's silver nitrate impregnation (for very young teeth) and a method in which the reduction of the silver is facilitated by the employment of pyridin. This is an adaptation of one of those used by Levaditi to demonstrate the Treponema pallidum in the tissues. It is very similar to the method of Cajal, but the reduction of the silver is facilitated by the addition of pyridin and acetone used in combination with the pyrogallic acid or hydrokinone reducer. The chief objection to this method is the exceedingly penetrating and unpleasant odour of the pyridin. Some of my best specimens have been obtained by the use of this combination. It can be used with specimens in bulk before decalcification or as a preliminary to the Weil process and combined with a nuclear stain such as borax carmine. For gold imnpregnations I have made use of Ranvier's modification of Ldwit's formic acid process, and for calcified sections ,4_ FIG. 5 Drawing from a decalcified specimen stained by the silver nitrate and pyridin method. (p) pulp in which is seen a small bundle of fine neurofibrils extending to the plexus of Raschkow (r), passing between the odontoblasts to the narrow marginal plexus (m), and passing along the tubes in the odontogenetic zone (s), to the hard dentine (d); (b) blood-vessels. (x 600.) in Weil specimens of Beckwith's modification of Freud's process as recommended by Dr. Sims-Woodhead [31] . The great advantage of this is that no acid is employed, which makes it especially applicable to Weil sections. The sections are first immersed in chloride of gold (1 per cent. solution) for three to four hours, then washed and treated for three minutes with a 20 per cent. solution of caustic soda, again washed and immersed for half an hour in 10 per cent. carbonate of potash, which is drained off and the gold finally reduced with iodide of potassium 10 per cent. for about fifteen minutes. This method gives a very distinct stain free from deposits, but my specimens are too recently prepared for me to form any opinion as to the permanency of the stain.
Golgi's method I have tried and am still treating teeth by this process, but so far have not met with much success. Although one would not think of disparaging a method by which so much excellent work has been done and which has revealed so much in the minute anatomy of nerve tissue, I do not think it is one which is very applicable to the investigation of the nerves of the teeth. The impregnation is only partial, but the portionsstained, are stained very intensely and enable fibres to be traced through a great part of their course, but it stains other tissues as well as nerves and frequently gives precipitation forms of chromate of silver. These objections make it very necessary to use great care in interpreting appearances procured by the method, although for the reasons I have stated it is very valuable as a corroborative method to interpret appearances in other preparations. Bolles Lee [13] mentions in his " Microtomist's Vade Mecum " that a correspondent informed him he had Golgified a potato and obtained beautiful nervefibres. I may say here that although fairly thick sections of Golgi preparations may be desirable in tracing nerves in other tissues they are absolutely useless in teeth-the sections must be thin to be of any value at all. Any section treated with silver nitrate will generally showportions completely blackened, but a successfully stained portion, at all events by the pyridin method, will show the dentinal fibril stained brown and the minute beaded fibres as a succession of black dots in the brown stained tubule. At the suggestion of Dr. Spriggs I have for some time past aban-doned the use of nitric acid for decalcifying purposes, and now employ formic acid exclusively in a 33 per cent. solution. The formula as given by Professor Fischer [5] is: Formic acid, 33,3; distilled water, 7617; formalin (40 per cent.), 5. If the tissues have been hardened in formalin the formic acid can be used without it. In specimens treated in this way the odontoblasts appear to be very little or not at all shrunken, as they certainly are often to a great extent when mineral acids are employed. Many histologists have, especially of late, discarded the use of alcohol in preparing sections of soft tissues, as this always causes more or less shrinking. I have spoilt many a good specimen in the course of dehydration and clearing, and now prefer to cut all sections in the freezing microtome and nmount them in watery solutions-either Farrant's solution or glycerine. Of course, in the preparation of Weil sections alcohol must be used, but the very gradual increase of the strength of the alcohol in this process where the tissues are treated in bulk reduces the risk of shrinkage to a minimum.
It has been suggested that I should deal with the physiological and anatomical bearings of the result of this investigation, but it has been a purely histological one and I have carefully avoided any theories. The point seems to be this: Do the nerves pass into the dentinal tubes and traverse the dentine or do they not ? I have endeavoured to show that they most certainly do, and if this anatomical fact is considered proved the explanation of certain apparent anomalies in the sensibility of the dentine will have to be carried out in accordance with this fact.
It does not appear to me that the phenomena of pain in the teeth are so very mysterious. It seems to fully accord with the fact of the existence of nerves in the dentine that we should in the first stage of caries have more pain than in the later stages. We are here dealing with the fine divisions of the nerves at their final distribution. It is a well-known physiological fact that pain is referred especially to nerveterminations; instancing one example only, the pain in the knee in hip disease, and in the earliest stages of caries the destruction of the delicate nerve tissue by the acids of decay which probably takes place later, has not occurred to any appreciable extent. Hence, it does not seem any anomaly that the sensibility of the tooth decreases as caries advances, until the pulp is approached, with its high vitality and blood supply, where the mass of nerve tissue will still be in functional activity.
We cannot disprove the anatomical facts by any phenomena which are difficult to reconcile with them; all we can do is to seek for some explanation which shall bring these phenomena into line with the ascertained facts.
SUMMARY.
To sum up the conclusions to which these investigations have led me: The nerves of the dental pulp lose their medullary sheath and neurolemma just beneath the odontoblast layer, and are seen to form an intricate plexus of neurofibrils in this situation, the plexus of Raschkow; from this plexus they pass in approximately straight lines between and around the odontoblast cells and form another much narrower plexus at the inner margin of the dentine, which I have called the " marginal plexus." They very closely envelop the cells and the dentinal fibril, and enter the dentine in company with the latter. They can be traced as fine beaded fibrils all along the tubes and their very numerous branches, and are seen to terminate in the fine rainifications of the dentinal tubes beneath the enamnel and cementum. Whether they actually pass into the enamel in places where the tubes penetrate this tissue I am unable at present to say, but consider that in any case their normal and principal final distribution is within the limits of the dentine. They are apparently very evenly distributed around the larger portion of the pulp, becoming scattered, although not entirely absent, as they approach the apex of the root.
DISCUSSION.
The PRESIDENT (Mr. H. Lloyd Williams) expressed his great appreciation of Mr. Mummery's very beautiful work. To him, at any rate, the conclusion seemed to be most convincing.
Mr. F. J. BENNETT thought Mr. Mummery might summarize his work in the memorable words of Lord Beaconsfield when he said, i I have begun many things often and I have usually succeeded at last." That, Mr. Mummery had succeeded he thought very few would call in question. A great many speculations had been put forward as to the various tissues, and it seemed as though we should have to learn again the meaning of such terms as Tomes's fibril, odontoblasts, and other structures, and to ask anew what. were their functions. A point Mr. Mummery seemed to take for granted was that these nerves were for the purpose of sensation, and that might be the case, but it was a cause for wonder as to why teeth should be considered organs of such acute sensation. There were certainly many tissues, not so highly supplied with nerves, which responded more quickly. Another view might be put forward-namely, that the nerves were concerned in the intimate.
repair of the tissue which in the normal man was subject to wear and tear. There was a peculiarity in the way in which repair took place, due to the manner in which the dentine was laid down. As was well known, the dentine of repair was not laid down exactly in the corresponding place where the wear and tear took place-i.e., it was not at the shortest distance from -the pulp to the point of injury, re-formed dentine taking a sinuous or oblique direction in many cases. It seemed to him that if it were merely a question of sensation being conducted through the tooth the dentine of repair would be found deposited at the nearest point, whereas it was at a point more distant and corresponding to the exact method in which it was laid down. He thought it was possible the nerves might have something to do with the way in which repair took place in the manner he had described. There was still a good deal of ignorance as to the enormous distribution of nerves in the pulp, and the fact that the dentine should be practically a mass of nerve-fibrille was almost incomprehensible. It was difficult to understand in a structure which was not obviously a very sensitive one or one that underwent rapid changes. If it were the kidneys or liver, in which constant and frequent changes were going on, one could understand the nerve supply, but in the case of the teeth it was difficult to understand. The Section was glad to have such facts as Mr. Mummery had brought forward that evening. The perfection of his specimens was the despair of the ordinary histologist and they were things to be highly prized.
Mr. GABELL said that having been one of those privileged to see the actual specimens at leisure, and having carefully examined them, he could say it was wonderful workmanship and he had never seen anything so beautifully done. The difficulty of preparing the sections was immense, and Mr. Mummery had overcome it to a remarkable degree. In the specimens under the microscope, with the finger on the fine adjustment, the distribution of nerves was rendered very evident, as Mr. Mummery had shown in his drawing. For the inexperienced microscopist perhaps the earlier photographs were not so convincing, but the drawings were an exact reproduction of what the slides actually showed. The Section had to thank Mr. Mummery for a most laborious task wonderfully well carried out.
Mr. STANLEY MUMMERY said he had had the unique opportunity of watching the investigation from the beginning, from the very first slides that suggested the possibility of nerves running through the dentinal tubes. As staining methods were improved the slides became more suggestive, until at last such slides were produced as those that had been shown that evening. He believed that anyone who had examined them as he had done could not help being convinced of the truth of the results. He could also testify to the enormous amount of time and labour that had been devoted to the preparation of the slides and specimens.
Mr. H. BALDWIN wished to pay his tribute of thanks to Mr. Mummery for his magnificent piece of work. There did not seem the slightest possibility of doubt that the explanations given were correct, and the clinical aspect of the case was fully corroborated by the investigations. Everyone was aware, no doubt, that dentine was a sensitive structure, and he thought most dentists had been simply waiting for some great microscopist like Mr. Mummery to prove its innervation; and it was very satisfactory to him to be able to be present that evening to hear so epoch-making a paper read.
Mr. J. HOWARD MUMMERY, in reply, said that if the odontoblasts were engaged in active secretion they must have a certain nerve supply, and that many of these nerves might have a trophic function, but how such supply was conducted to them was a point that had to be settled by future investigations. He did not think there were too many nerves to supply the teeth. There were a great many in the pulp, of course, but when it was remembered what a large number of tubes there were in the dentine and the way in which they were spread out, this multiplicity could be accounted for. He agreed with Mr. Gabell that the photographs were not nearly so convincing as the specimens themselves, but photographs were exceedingly difficult to obtain. He thought, however, the last photograph he had shown was convincing and better than any drawing, the photograph having brought out the nerves in places where the eye could scarcely see them at all. To prove the case that the nerves of the pulp penetrated the dentine it was only necessary to see one tube with a nerve-fibril running along it, and he had shown the fibrils entering into six or seven tubes; in fact, all the tubes within that field of the microscope.
